Abstract Interleukin 6 (IL-6) is an important pathogenic factor in development of various inflammatory and autoimmune diseases and cancer. Blocking antibodies against molecules associated with IL-6/IL-6 receptor signaling are an attractive candidate for the prevention or therapy of these diseases. In this study, we developed a genetically modified strain of Lactococcus lactis secreting a single-chain variable fragment antibody against mouse IL-6 (IL6scFv). An IL6scFv-secretion vector was constructed by cloning an IL6scFv gene fragment into a lactococcal secretion plasmid and was electroporated into L. lactis NZ9000 (NZ-IL6scFv). Secretion of recombinant IL6scFv (rIL6scFv) by nisin-induced NZ-IL6scFv was confirmed by western blotting and was optimized by tuning culture conditions. We found that rIL6scFv could bind to commercial recombinant mouse IL-6. This result clearly demonstrated the immunoreactivity of rIL6scFv. This is the first study to engineer a genetically modified strain of lactic acid bacteria (gmLAB) that produces a functional anti-cytokine scFv. Numerous previous studies suggested that mucosal delivery of biomedical proteins using gmLAB is an effective and low-cost way to treat various disorders. Therefore, NZIL6scFv may be an attractive tool for the research and development of new IL-6 targeting agents for various inflammatory and autoimmune diseases as well as for cancer.
Introduction
Interleukin 6 (IL-6) exerts a pleiotropic activity on inflammation, immune response, and hematopoiesis through binding to an IL-6 receptor (IL-6R) (Kishimoto 2005) . A transient acute phase response mediated by the IL-6/IL-6R signaling pathway in vivo, triggered by various environmental stimulants such as infection and tissue injury, plays an important role in host defense (Heinrich et al. 1990 ). However, dysregulated continual activation of this pathway is associated with the development of numerous chronic inflammatory disorders and autoimmune diseases as well as a malignant neoplasm (Tanaka et al. 2014) . Clinical studies have been extensively performed to reveal the pathogenic role of IL-6 and therapeutic benefits of IL-6/IL-6R signaling blockade in rheumatoid arthritis (RA). Moreover, the employment of tocilizumab, a humanized anti-IL-6R, is currently recommended as a first-line biologic in therapeutic intervention for patients suffering from moderate-to-severe active RA in more than 100 countries (Tanaka and Kishimoto 2011; Tanaka et al. 2014) . Besides this case, numerous clinical and preclinical evidences have suggested the availability of IL-6/IL-6R signaling blockade for other disorders such as juvenile idiopathic arthritis (De Benedetti et al. 2012; Yokota et al. 2008 ), Castleman's disease (Katsume et al. 2002; Nishimoto et al. 2005) , systemic lupus erythematosus (Illei et al. 2010; Shirota et al. 2013; Szepietowski et al. 2013) , systemic sclerosis (Kitaba et al. 2012 ) (a completed clinical trial NCT01532869), and Crohn's disease (Atreya et al. 2000; Ito et al. 2004; Jostock et al. 2001) as well as RA (Smolen et al. 2014) .
Here, we propose a new inhibition strategy for IL-6/IL-6R signaling using genetically modified strains of lactic acid bacteria (gmLAB). gmLAB is a recombination microbe that produces various biomedical proteins and carried out as a mucosal delivery vehicle and a therapeutic agent in mouse models of inflammatory bowel diseases (IBDs) (Hanson et al. 2014; Motta et al. 2012; Shigemori et al. 2015) , food allergy (Ai et al. 2014; Huibregtse et al. 2007) , type 1 diabetes (Robert et al. 2014; Takiishi et al. 2012) , and multiple sclerosis (Rezende et al. 2013) . In addition, a phase I clinical trial in Crohn's disease patients provided the evidence that IL-10-secreting gmLAB (LL-Thy12) is safe because there are only minor side effects and it was biologically contained (Braat et al. 2006) . Therefore, gmLAB receive remarkable attention as an effective and low-cost live therapeutic agent for the inflammatory and autoimmune diseases. We supposed that gmLAB-producing IL-6 blocking antibody may be an attractive candidate for the treatment of various inflammatory and autoimmune diseases, especially the mucosa-associated illnesses such as IBD and asthma, as well as cancer of the mucosal tissue. To provide a tool for the research and development of new therapeutic agent targeting to IL-6/IL-6R signaling, we aimed to construct a genetically modified strain of Lactococcus lactis that secretes a single-chain variable fragment (scFv) antibody against mouse IL-6 (IL6scFv). We first validated the nisin-induced secretion of recombinant IL6scFv (rIL6scFv) in a gm-L. lactis strain harboring IL6scFv-secretion vector and the optimal conditions for the secretion of rIL6scFv. We also determined an immunoreactivity of rIL6scFv to mouse IL-6.
Materials and methods
Bacterial strains and growth conditions L. lactis NZ9000 (NZ9000) that is a derivative of L. lactis subsp. Cremoris MG1363 and contains the regulatory genes nisR and nisK integrated into pepN gene (de Ruyter et al. 1996; Kuipers et al. 1998 ) was purchased from MoBiTec GmbH (Gottingen, Germany). NZ9000 was grown anaerobically at 30°C in M17 broth (BD Difico, Becton, Dickinson and Company, Sparks, MD, USA) supplemented with 0.5 % glucose (GM17). Genetically modified strains of NZ9000 (gmNZ9000) were grown in GM17 with 10 μg/mL chloramphenicol (GM17cm). Escherichia coli M15 (QIAGEN K.K., Tokyo, Japan) (Villarejo and Zabin 1974) was grown in Luria-Bertani (LB) broth (Invitrogen Corporation, Carlsbad, CA, USA) supplemented with 20 μg/ mL kanamycin (LB +kan ) at 37°C with intense shaking condition. If necessary, 50 μg/mL ampicillin was added to LB +kan broth (LB +kan+amp ).
Construction of recombinant bacterial strains
General molecular cloning techniques were performed essentially according to previously described methods (Sambrook and Russell 2001) . All restriction enzymes were purchased from TaKaRa Bio Inc. (Kusatsu, Shiga, Japan). To construct gmNZ9000, a lactococcal plasmid, pNZ8148#2:SEC (Fig. 1a) which is a modified plasmid of pNZ8148 and contains the genes coding for a nisin-inducible promoter (P nis ), a signal peptide from the USP45 protein (SP usp45 ), a hexahistidine tag (His-tag), a factor Xa recognition site (FXa), a multiple cloning site (MCS), and a chloramphenicol acetyltransferase (cat), was employed as a secretion vector (Shigemori et al. 2014 . A sequence coding for an IL6scFv (DDBJ accession number LC175907; http://getentry.ddbj.nig.ac. jp/getentry/na/LC175907/) was synthesized and subcloned into pEX-A by Eurofins Genomics K.K. (Tokyo, Japan) upon codon optimization for L. lactis subsp. Cremoris MG1363. A DNA fragment of IL6scFv was cut out from the subclone vector using restriction enzymes KpnI and HindIII and was then ligated with KpnI/HindIII-digested pNZ8148#2:SEC. The resulting plasmid (pNZ8148#2:SEC-IL6scFv; Fig. 1b ) and an empty plasmid were separately electroporated into A lactococcal secretion plasmid, pNZ8148#2:SEC (a), was integrated a DNA fragment coding for IL6scFv gene in MCS to construct an IL6scFv-secretion vector, pNZ8148#2:SEC-IL6scFv (b). P nisin A promoter, SP sequence of the signal peptide from the USP45 protein, His-tag hexahistidine tag, MCS multiple cloning site, T terminator, rep replication gene, cat chloramphenicol acetyltransferase gene NZ9000 using a Gene Pulser Xcell electroporation system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) following the manufacturer's instructions, generating NZ-IL6scFv or NZ-vector control (NZ-VC), respectively. pNZ8148#2:SECIL6scFv was analyzed by the DNA sequencing (performed by Eurofins Genomics K.K.) and was consistent with the predictive sequences (data not shown).
Preparation of the protein samples from small-scale culture of gmNZ9000
To prepare the protein samples using to the expression analyses of rIL6scFv, gmNZ9000 were cultured in 2-mL culture system. The experimental procedures in this section were performed as previously described method (Shigemori et al. 2013 (Shigemori et al. , 2014 . Briefly, a 1.9-mL aliquot of fresh GM17cm broth was inoculated 1:20 (v/v) with a 0.1-mL overnight culture of gmNZ9000 and was incubated at 30°C. Gene expression in gmNZ9000 was induced by supplementation with nisin (MoBiTec GmbH) to culture medium at the point of an optical density at 600 nm (OD 600 ) of around 0.4. After 0-to 48-h induction at 30°C, OD 600 in the cultures were measured, and bacterial cells and culture supernatants were separated by centrifugation. Cellular extracts and supernatant samples were then prepared using the lysozyme/sodium dodecyl sulfate (SDS) method or trichloroacetic acid precipitation, respectively. An equal volume of ×2 Laemmli Sample Buffer (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was added to each sample, and the mixture was then boiled for 5 min.
Preparation of the cellular extracts from large-scale culture of NZ-IL6scFv
Gene expression of rIL6scFv was induced with nisin in 50-mL or 4-L large-scale cultures according to the above-mentioned methods. After induction, cells from these 50-mL or 4-L cultures were collected by centrifugation at 3000×g and 4°C for 20 min and were washed twice with ice-cold phosphate-buffered saline (PBS; 137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM disodium hydrogen phosphate, 1.76 mM potassium dihydrogen phosphate, pH 7.4) or basic buffer, respectively, for immobilized metal ion affinity chromatography (IMAC0; 20 mM sodium phosphate, 500 mM sodium chloride, pH 8.0). The frozen-cellular pellet was grinded with aluminum oxide powder (Wako Pure Chemical Industries, Ltd.) (pellet:Al 2 O 3 = 1:3) on a mortar for 15 min on ice. The homogenate was collected with ice-cold PBS or IMAC0 containing an ethylenediaminetetraacetic acid (EDTA) free-protease inhibitor cocktail tablet (Roche Diagnostics GmbH, Mannheim, Germany), and was clarified by two-time centrifugation at 20,000×g and 4°C for 20 min. Cellular extracts prepared from 50-mL or 4-L cultures were further used for ELISA or His-tag purification, respectively.
SDS-polyacrylamide gel electrophoresis and western blotting
SDS-polyacrylamide gel electrophoresis (PAGE) was performed on a 15 % (v/v) polyacrylamide gel (Wang et al. 2015) . The bands of separated proteins were visualized by gel staining with Coomassie Brilliant Blue (Polysciences Inc., Warrington, PA, USA) or transferred from the gel onto a polyvinylidene fluoride membrane (GE Healthcare, Buckinghamshire, UK) for western blotting. The proteinblotted membrane was blocked with skim milk and then was reacted with mouse anti-His tag antibody (Ab) (1/1000) (652,501; BioLegend, San Diego, CA, USA), followed by incubation with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG Ab (1/5000) (A4416; Sigma-Aldrich, St. Louis, MO, USA). The resulting blots were reacted with an ECL Prime Western Blotting Detection Reagent (GE Healthcare) and were detected using a lumino image analyzer (ImageQuant LAS 4000 mini, GE Healthcare). Densitometric analysis was performed using ImageJ software (Schneider et al. 2012 ) to quantify the detected bands.
Preparation of rHis-tagged green fluorescence protein from recombinant E. coli M15
To obtain a protein that could be used as a control for rIL6scFv, rHis-tagged green fluorescence protein (rGFP) was produced in E. coli M15 and was purified and characterized. A His-tagged GFP-expression vector was constructed by introduction of an EmGFP gene (714 bp, DDBJ accession n u m b e r A B 7 5 8 2 75 ; h t t p : / / g e t e n t r y. d d b j . n i g . a c . jp/getentry/ddbj/AB758275?filetype=html) coding for GFP into the E. coli expression vector, pQE-30 Xa (Qiagen K.K. ), and was expressed in E. coli M15 as described in the manufacturer's instructions. The resulting recombinant strain was designated as M15-GFP. rGFP produced by M15-GFP was purified using immobilized metal ion affinity chromatography techniques as described below. High purity (>99 %) and reactivity to anti-His tag Ab of purified rGFP was confirmed by SDS-PAGE or by two immunoassays (i.e., western blotting and ELISA), respectively (data not shown).
Purification of rIL6scFv from NZ-IL6scFv
The His-tagged proteins were purified by immobilized metal ion affinity chromatography techniques that were operated by a fast protein liquid chromatography system (AKTA pure 25, GE Healthcare). HisTrap HP column (1 mL; GE Healthcare) was equilibrated with 10 column volumes (CVs) of IMAC0 and was then loaded of the membrane (pore size 0.2 μm) filtered-cellular extracts using Superloop (50 mL; GE Healthcare). The column was washed with 10 CVs of IMAC0 containing 20 mM imidazole. The column-absorbed proteins were eluted by the linear gradient procedure (20 to 500 mM imidazole; 30 CVs). The flow rate of a series of events was controlled at 1 mL/min. The collected fractions (crude cellular extract, flow-through, wash, and elution) were analyzed by SDS-PAGE and western blotting according to the above-mentioned methods. The eluted fractions were dialyzed against PBS and were then concentrated by ultrafiltration (Centriprep 10 K device, Merck Millipore Ltd., Carrigtwohill Co., Cork, Ireland). The rIL6scFv concentration in the concentrate was determined by western blotting with anti-His tag Ab as described above. In this assay, rGFP purified from M15-GFP was used as a standard protein (data not shown).
ELISA for detection of His-tagged proteins
To determine the ability of rIL6scFv to bind to mouse IL-6, we employed a modified method of a standard ELISA technique (Voller et al. 1978) . Briefly, flat-bottom immuno 96-well plates (Nunc MaxiSorp, Nunc A/S, Roskilde, Denmark) were coated by overnight incubation at 4°C with 1 ng/mL recombinant mouse IL-6 (rmIL-6, 406-ML, R&D Systems, Inc., Minneapolis, MN, USA) that was diluted in PBS. The plates were washed three times with wash buffer (0.05 % Tween-20 in PBS) and were then saturated with Blocker (3 % bovine serum albumin in wash buffer) by incubation for 2 h at room temperature (RT). The plates were washed three times and were reacted with various concentrations of the rIL6scFv or rGFP or with cellular extracts (200 μg of protein) of nisin-induced gmNZ9000 strains by incubation for 2 h at RT. After five plate washes, the rmIL-6-binding proteins were reacted with anti-His tag Ab (1/1000) for 2 h at RT and were further incubated with HRPconjugated goat anti-mouse IgG Ab (1/5000) for 1 h at RT. The plates were washed seven times, and the HRP substrate (3,3′,5,5′-tetramethylbenzidine (TMB); Nacalai Tesque Inc., Kyoto, Japan) was added to each well. After incubation with shaking for 15 min at RT, the enzymatic reaction was stopped with 2 N sulfuric acid, and absorbance was measured at 450 nm.
To measure the reactivity of cell extracts of gmNZ9000 strains with anti-His tag antibody and the amount of Histagged peptides produced by gmNZ9000 strains, cellular extracts (20 μg of protein) of gmNZ9000 strains or various concentrations of rGFP that was used as a control protein were bound onto the plate by overnight incubation at 4°C. After the plate was blocked, the plate-bound proteins were reacted with anti-His tag Ab and were further detected using the abovedescribed methods.
Statistical analysis
Statistical analyses were performed using a statistical software package (ystat2004.xls, Igakutosho Shuppan, Tokyo, Japan). Student's t test or one-way ANOVA followed by Dunnett's test were used to determine the significance of the differences. Values are expressed as mean ± standard deviation (SD).
Results

Expression and secretion of rIL6scFv by NZ-IL6scFv
To generate rIL6scFv-secreting gmNZ9000, we engineered pNZ8148#2:SEC to construct the IL6scFv secretion vector, pNZ8148#2:SEC-IL6scFv (Fig. 1) . This plasmid was designed to express the IL6scFv conjugating to SP usp45 and His-tag at N-terminus undercontrolled by P nis . The resulting plasmid was introduced into NZ9000 by electroporation, and the gene expression in cells and extracellular secretion of rIL6scFv were verified by SDS-PAGE (Fig. 2a, c ) and western blotting with anti-His tag Ab (Fig. 2b, d ). In SDS-PAGE analysis, it was confirmed that same amount of protein was loaded to each well (Fig. 2a,  c) . Western blotting detected two bands corresponding to the secretion precursor of rIL6scFv (34.0 kDa) and the secretion form of rIL6scFv (31.2 kDa) in cellular extracts (Fig. 2b) . It also showed that a single band corresponding to the secretion form of rIL6scFv was observed in the culture supernatant from nisin-induced NZ-IL6scFv (Fig. 2d) . In contrast, considerable bands of rIL6scFv were not observed in both cellular extracts and culture supernatant from nisin-induced NZ-VC and non-induced two gmNZ9000 strains in western blotting (Fig. 2b, d ).
Optimal conditions for rIL6scFv secretion in NZ-IL6scFv
To optimize the expression/secretion of rIL6scFv in NZIL6scFv, we tuned two parameters (i.e., nisin concentration and induction time) in the induction phase of gene expression. The turbidity of culture medium (OD 600 ) at 3 h following the nisin induction was decreased in a nisin concentration-dependent manner (Fig. 3a) . Particularly, cell growth was significantly inhibited in the presence of nisin more than 0.78 ng/mL as compared with a nonexistent condition of nisin (0 ng/mL). In contrast, the western blot analysis showed that the expression/secretion level of rIL6scFv was gradually increased with rising in nisin concentration (Fig. 3b) . However, the secretion precursor of rIL6scFv was observed in the supernatant from the culture induced with 1.56 ng/mL and over nisin (Fig. 3b) . Next, we attempted optimization of the incubation time after nisin stimulation. An absorbance at OD 600 in the culture increased in an induction time-dependent manner until 7 h and stabilized between 2.0 and 2.5 after 7-h incubation (Fig. 3c) . The expression level of rIL6scFv per bacterial cell was high even when 1 h after nisin stimulation and was slightly decreased at 24 and 48 h (Cell in Fig. 3d) . Secretion of rIL6scFv was elevated in a time-dependent manner (Sup in Fig. 3d ). However, a clear band of the secretion precursor of rIL6scFv was detected in the supernatant from the culture induced for 12 h and more.
Purification of rIL6scFv
The rIL6scFv was purified from cellular extracts of nisininduced NZ-IL6scFv in a 4-L large-scale culture by immobilized metal ion affinity chromatography. The column-absorbed proteins were eluted using imidazole with the linear gradient condition, and the eluent was collected in three fractions (Fig. 4a) . Western blotting showed that the rIL6scFv was detectable in all eluted fractions, and Fig. 3 Optimization of the conditions for rIL6scFv secretion in NZIL6scFv. a, b NZ-IL6scFv was cultured with various concentrations of nisin (0 to 12.5 ng/mL). a After 3-h incubation at 30°C, an OD 600 in each culture was measured. *P < 0.05, **P < 0.01 vs. 0 ng/mL nisin. b Cellular extracts (Cell) and culture supernatants (Sup) were prepared from each culture and analyzed with western blotting using an anti-His tag Ab. c, d NZ-IL6scFv was cultured with 1 ng/mL nisin for 0 to 48 h. c An OD 600 in the culture was measured at indicated time points. d Cellular extracts (Cell) and culture supernatants (Sup) were prepared from indicated time points and analyzed with western blotting using an anti-His tag Ab. a, c Data are the mean ± SD from three independent experiments. b, d The black and pink arrows indicate the secretion precursor of rIL6scFv (34.0 kDa) and the secretion form of rIL6scFv (31.2 kDa), respectively. Similar results were obtained from three independent experiments, and representative data are shown the highest amount of rIL6scFv was observed in F-2 (Fig. 4b) . However, SDS-PAGE demonstrated that the F-1 and F-2 contained a considerable amount of irrelevant proteins (Fig. 4b) ; the F-3 was, therefore, used for the following experiment.
Immunoreactivity of rIL6scFv
To examine whether rIL6scFv was biologically active, the immunoreactivity of rIL6scFv against rmIL-6 was assayed in an ELISA. As shown in Fig. 5a , in this assay, the purified recombinant proteins or cellular extracts from nisininduced gmNZ9000 strains were reacted with the solid phase-immobilized rmIL-6, and the rmIL-6 binding protein was then detected with anti-His tag Ab. When the purified rIL6scFv was applied to this system, absorbance at 450 nm was increased in a protein concentration-dependent manner (Fig. 5b) . On the other hand, when purified rGFP was applied, absorbance remained at baseline level for all examined rGFP concentrations (Fig. 5b) . We further assessed the immunoreactivity of rIL6scFv against rmIL-6 using cellular extracts from nisin-induced gmNZ9000 strains. Using the ELISA method, we confirmed that the Histagged peptides produced by both NZ-VC and NZIL6scFv were reactive with the anti-His tag Ab (data not shown). Absorbance at 450 nm was significantly higher when the NZ-IL6scFv extracts were applied to this ELISA system than when the NZ-VC extracts were applied (Fig. 5c) . These results clearly demonstrated that the rIL6scFv produced by NZ-IL6scFv is immunoreactive. Fig. 5 Immunoreactivity assays of rIL6scFv. a A schematic representation of the assay based on an ELISA technique. A solid phase-immobilized rmIL-6 was reacted with the His-tagged proteins. The rmIL-6-binding proteins were then detected with an anti-His tag Ab. b Different concentrations of purified rIL6scFv (pink) and rGFP (green) were applied to the ELISA system to determine their rmIL-6 reactivity. c Cellular extracts from nisin-induced NZ-VC (VC) or NZIL6scFv (IL6scFv) were used as a source of His-tagged protein for the ELISA. **P < 0.01. Similar results were obtained from two or three independent experiments, and representative data are shown Fig. 4 Purification of rIL6scFv. rIL6scFv was purified from cellular extracts prepared from nisin-induced NZ-IL6scFv by an immobilized metal ion affinity chromatography technique. a A chromatogram in the elution phase in the chromatography. The eluent was collected in three fractions (F-1 to F-3). b Fractions obtained from the chromatography were analyzed with SDS-PAGE (upper) and western blotting using an anti-His tag Ab (lower). The black and pink arrows indicate the secretion precursor of rIL6scFv (34.0 kDa) and the secretion form of rIL6scFv (31.2 kDa), respectively Discussion An scFv consists of the smallest paratope unit of an immunoglobulin molecule, in which the variable regions of heavy and light chains are joined together by a flexible peptide linker (Bird et al. 1988 ). This simple and small peptide allows production of fully functional antibodies in genetically modified bacteria. Particularly, gmLAB is an optimal platform in the productions of scFv for the purpose of the treatment of the disease. Kruger et al. (2002) reported that a construction of gmLAB (Lactobacillus zeae) produced scFv for streptococcal antigen I/II adhesin molecule of Streptococcus mutans. Interestingly, the oral delivery of scFv using gmLAB reduced caries in the rat model. Because the mucosa delivery of scFv using gmLAB does not require refinement and can evade a systemic side effect not to expect, it is therapeutic strategies for treatment of low cost. However, there are no reports of gmLAB-producing cytokine neutralizing scFv for the treatment of inflammatory disorders and autoimmune diseases. Therefore, in this study, we developed a gmNZ9000 strain that secretes rIL6scFv with nisin-controlled gene expression (NICE) system (Mierau and Kleerebezem 2005) .
We constructed a secretion vector which has an expression cassette of a homologous signal peptide-IL6scFv fusion peptide undercontrolled by nisin A promoter. In western blotting, we demonstrated that a signal peptide-fused secretion precursor of rIL6scFv is intracellularly expressed in a gmNZ9000 strain transformed with the IL6scFv secretion vector and is subsequently secreted as a signal peptide-cleaved form to outer environment through a secretion machinery of the cell. To determine the optimal conditions for rIL6scFv expression/secretion, we examined the impact of nisin concentration and induction time with nisin on cell growth and production level of rIL6scFv. The expression/secretion level of rIL6scFv was increased in a nisin concentration-dependent manner. However, the secretion precursor of rIL6scFv was observed in culture supernatants from NZ-IL6scFv cultures stimulated with 1.56 ng/mL and over nisin. Given that the growth inhibition of NZ-IL6scFv was dependent on nisin concentration, it was suggested that the secretion precursor of rIL6scFv in the culture supernatants was passively leaked from the damaged cells by nisin. Next, we tuned the culturing time after nisin addition. The secretion levels in exponential phase (until 7 h) were increased in a time-dependent manner. In stationary/ death phase (after 8 h), gradual decrease in intracellular expression of rIL6scFv and the leakage of the secretion precursor of rIL6scFv to outer environment were observed. Given comprehensive consideration to these results and discussions, we determined an optimal condition in the rIL6scFv expression/secretion as follows: nisin concentration around 1 ng/mL and induction time between 6 and 7 h. The intracellular expression and the secretion levels of rIL6scFv under optimal conditions were 322 and 7 ng/mL culture, respectively.
By reason that an scFv antibody is a small-size molecule, it has several advantages in clinical application including better tissue penetration, rapid blood clearance, and low immunogenicity as compared to a full-size antibody (Holliger and Hudson 2005) . Therefore, an scFv with complete activity as an antibody is an attractive alternative to a full-size antibody in the clinical and diagnostic applications (Nelson 2010; Nelson and Reichert 2009) . In this study, immunoreactivity of rIL6scFv was examined by ELISA. This assay clearly demonstrated that rIL6scFv produced by NZ-IL6scFv binds to rmIL-6. This fact gives promise that rIL6scFv and NZIL6scFv exert an anti-inflammatory property via neutralization of an rmIL-6 activity. Further studies including in vitro assays for determination of the inhibitory effect of rIL6scFv on the activation of IL-6/IL-6R signaling are needed to confirm this possibility.
IL-6/IL-6R signaling is considered to play an important role in the pathogenesis of chronic inflammatory and autoimmune diseases and of cancer in mucosal tissue (Hunter and Jones 2015; Rincon and Irvin 2012; Waldner and Neurath 2014) . For example, in IBD including Crohn's disease and ulcerative colitis, IL-6 has been associated with mucosal inflammation in the gastrointestinal tract that is mediated by various cellular mechanisms such as the regulation of T cell differentiation, activation, and proliferation (Hunter and Jones 2015; Waldner and Neurath 2014) . A recent study in asthma patients demonstrated that IL-6 impaired lung function through exacerbation of mixed eosinophilic-neutrophilic bronchitis (Chu et al. 2015) . In addition, IL-6-dependent activation of signal transducer and activator of transcription 3 (STAT3) promotes tumor cell proliferation and survival and has been implicated in tumorigenesis (Yu et al. 2009 ). Based on these findings, it has been suggested that IL-6/IL-6R signaling is a potential therapeutic target in those diseases. Indeed, several pre-clinical studies with model animals have demonstrated that systemic application of an antibody against IL-6 or the IL-6R could inhibit the development of inflammation and tumor in respiratory and gastrointestinal tracts (Chu et al. 2015; Song et al. 2014; Yamamoto et al. 2000) . Therefore, direct delivery of rIL6scFv to the mucosa using NZ-IL6scFv might be a good strategy for the treatment of IBD, asthma, and cancer of the mucosal tissue, among other diseases. In vivo trials using model animals are needed to demonstrate the potential efficacy of NZ-IL6scFv for the prevention and therapy of those diseases.
In conclusion, we successfully developed a genetically modified strain of L. lactis NZ9000, NZ-IL6scFv, which secretes rIL6scFv with optimized culture conditions. Importantly, we clearly demonstrated that rIL6scFv from NZ-IL6scFv is immunoreactive since its ability to bind to rmIL-6. Therefore, NZ-IL6scFv may be an attractive tool for the research and development of new mucosal delivery vehicle of rIL6scFv-and IL-6-targeting agent for inflammatory and autoimmune diseases as well as cancer. This is the first report of gmLAB producing a functional anti-cytokine scFv. This finding becomes the base of low-cost therapeutic antibodies.
